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Why two heads are better
The tandem SH2 domains of the ZAP-70 kinase complexed with a
doubly phosphorylated ligand reveal a mechanism for building
a high-affinity interaction with very low non-specific binding.
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It has become obvious that signal transduction in
eukaryotes is often regulated by the formation of specific
protein-protein complexes. An ever growing cast of
modular protein domains is responsible for mediating
these interactions [1,2]. Techniques such as affinity
chromatography, far-western blotting, and the ubiquitous
yeast two-hybrid system have yielded untold numbers of
apparently specific protein-protein interactions impli-
cated in signaling events. At this point one wonders if it
might not be too much of a good thing - how can
specificity and order be generated from this soup of mod-
ules and interactions? Although in many cases it might be
useful to generate a wide range of overlapping signals in
response to a stimulus, in other situations sensitivity and
specificity are crucial. The recently published structure of
the dual Src homology 2 (SH2) domains of the ZAP-70
tyrosine kinase in complex with its binding site from the
T-cell receptor [3] reveals one way in which high affinity
and exquisite specificity can be assembled from relatively
non-specific component parts.
The SH2 domain is probably the most well characterized
protein-interaction module, binding with relatively high
affinity to tyrosine-phosphorylated peptides (generally
dissociation constants are in the range of 10-7-10 - M
[4]). Phosphorylation of the target peptides is essential for
SH2 binding as binding to unphosphorylated sites is
undetectable. There is considerable discrimination
among SH2 domains for specific peptide sequences, this
specificity usually being dictated by the three amino acids
C-terminal to the phosphorylated tyrosine residue in the
target peptide [5]. SH2 domain specificities are far from
absolute, however, and in many cases there is a high
degree of overlap; at very high concentrations phospho-
tyrosine alone can bind to SH2 domains.
Signaling via the T-cell receptor (TCR) complex in
lymphocytes demands a very specific response to low
levels of input signal. Several hundred peptide antigen-
MHC complexes on an antigen-presenting cell are suffi-
cient to activate a T cell bearing the appropriate receptor.
The challenge facing the T cell, therefore, is not only to
respond robustly to the appropriate specific signal, but
also to avoid responding to inappropriate signals or back-
ground noise. TCR signaling is known to be mediated
by SH2-phosphotyrosine interactions, as discussed below,
but the questions of how the SH2 domains generate the
necessary specificity for TCRs and, subsequently, the
mechanism by which they mediate the signaling reaction,
have remained unanswered.
A great deal of recent work has implicated two classes of
nonreceptor tyrosine kinases in signaling by the TCR
[6-8]. The TCR itself has no intrinsic catalytic activity. It
consists of o and [3 variable chains, which are involved in
antigen binding; the four chains of the CD3 complex
(one y, one and two E); and a dimer composed of
g-chain subunits. The intracellular tails of the chains
and all four chains of the CD3 complex have a common
feature termed the immunoreceptor tyrosine activation
motif (ITAM; also variously known as the TAM, ARAM,
or Reth motif), consisting of the sequence Tyr xx (Leu
or Ile) (x) 7-8 Tyr xx (Leu or Ile) where x can be any
amino acid [9]. The y, , and E chains contain one
ITAM each, and each chain has three copies, giving a
total of ten per TCR complex. The ability of the TCR
to transmit signals depends on clustering of the TCR
complex, and can be mimicked by the aggregation of
individual ITAMs that have been coupled to hetero-
logous extracellular and transmembrane domains [10,11].
In these experiments, mutation of the invariant tyrosine
residues to phenylalanine abolished signaling, strongly
suggesting that phosphorylation of the tyrosines is
required for downstream signaling. Indeed, the ITAM
tyrosines have been shown to become phosphorylated in
a ligand-dependent manner [6-8].
The precise mechanism that triggers phosphorylation of
the ITAM, although still being worked out, almost
certainly involves activation of the Src-family tyrosine
kinases Lck and Fyn. What is clear, however, is that the
key to subsequent transmission of the TCR signal is the
binding of another non-receptor tyrosine kinase, termed
ZAP-70 (for zeta associated protein), to the phosphory-
lated ITAMs of the TCR. Mutations in the ZAP-70
gene cause severe immunodeficiency in humans [12,13],
and experimentally blocking the association of ZAP-70
with ITAMs abrogates signaling from the TCR [14].
ZAP-70 is a 70 kDa protein that was originally isolated
by its ability to associate with the phosphorylated 
chain. It contains two SH2 domains, arranged in tandem,
that are N-terminal to a tyrosine kinase catalytic domain
[15]. As each SH2 should bind a single tyrosine-phos-
phorylated ligand, the doubly phosphorylated ITAM
motif is well suited to binding ZAP-70. The same
scheme (but using slightly different components) is used
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to mediate intracellular responses to engagement of the
B-cell receptor and the high affinity IgE receptor in
lymphocytes and mast cells. In these cases, ITAMs on the
receptors interact with a different set of Src-family
kinases, and with a kinase termed Syk that is closely
related to ZAP-70.
Hatada and colleagues have now succeeded in obtaining,
at high resolution, an X-ray crystal structure of the
ZAP-70 tandem SH2 domains in complex with a doubly
phosphorylated ITAM peptide derived from the chain
of the TCR [3]. This structure reveals that the two SH2
domains are linked by a 65 amino acid spacer region that
adopts a coiled-coil a-helical conformation (Fig. 1). This
spacer aligns the two SH2s side by side, and approxi-
mately in register, so that the linear ITAM peptide binds
along a continuous groove on the apical surface, with the
N-terminus of the peptide binding to the C-terminal
SH2. The overall conformation, therefore, is Y-shaped,
with the ligand-binding site at the top of the Y, oddly
reminiscent of the familiar structure of immunoglobulin.
Although the bound peptide holds the two SH2 domains
rigidly in contact with each other, the buried inter-
domain surface area is quite small (200 A2). The helical
coiled-coil spacer might therefore allow some relative
movement of the SH2s in the absence of peptide, but it
seems unlikely that the overall conformation would be
radically different.
A detailed examination of the binding of phospho-
tyrosines to each SH2 domain gave several surprising
Fig. 1. Ribbon diagram of the tandem SH2 domains of ZAP-70
bound to a 19 amino acid, doubly-phosphorylated immuno-
receptor tyrosine activation motif (ITAM) peptide derived from
the T-cell receptor chain. The N-terminal SH2 domain (ZAP-N)
is depicted in cyan, the coiled-coil spacer region in orange, and
the C-terminal SH2 (ZAP-C) in green. For the peptide, carbons
atoms are represented in yellow, oxygen in red, nitrogen in blue,
and phosphorous in orange. The N- and C-termini of the pep-
tide are indicated. (This figure was kindly provided by Ellen Laird
and was prepared using Sybyl [Tripos, Inc.].)
results. In the liganded SH2 structures determined so far,
phosphotyrosine is bound in a deep pocket, with the
phosphate interacting directly with several conserved
basic residues in the SH2. Specificity for phosphotyrosine
is conferred by a combination of the depth of the basic
pocket and, in many cases, an amino-aromatic inter-
action with the phenyl ring of the phosphotyrosine
[16,17]. In the case of the ZAP-70 C-terminal SH2
(ZAP-C), the pocket is more like a groove on the surface
of the domain and is capped by residues from the ligand
peptide (Fig. 2). This less enclosed nature of the phos-
photyrosine pocket is largely due to an open, extended
conformation of the PfB-C loop relative to the central
, sheet; in other liganded SH2 complexes, this loop is
rotated to fold over and enclose the phosphotyrosine. In
fact, some contacts to the N-terminal phosphotyrosine of
the peptide are contributed by a hydrophobic residue
from the interdomain region of a second, symmetry-
related ZAP-70 molecule, suggesting that sequences not
present in the tandem SH2 construct might normally
contribute to this pocket. Two other notable features are
the absence of the frequently-observed amino-aromatic
bond, and the presence of a number of water molecules
that form hydrogen bonds with the phosphate. The solu-
tion structure of the C-terminal SH2 of the closely
related Syk kinase in complex with a singly phosphory-
lated ligand has recently been determined by NMR [18],
and in this case the ,BB-C loop is poorly constrained,
consistent with the 'open' conformation seen in the
ZAP-70 crystal structure.
The N-terminal SH2 domain (ZAP-N) has an even more
surprising interaction with phosphotyrosine. In this case,
the phosphotyrosine binding pocket is assembled from
residues contributed by both ZAP-N and ZAP-C (Fig. 2),
with several of the hydrogen bonds to phosphate oxygens
being donated by residues in ZAP-C. This demonstrates
that a modular domain, such as an SH2, can evolve in
context to become less modular, to the point where its
function depends on the presence of a second domain. As
in the case of ZAP-C, the B-C loop of ZAP-N is in a
relatively open configuration, and numerous tightly bound
water molecules form hydrogen bonds with the phos-
phate, although in this case the characteristic amino-
aromatic bond to phosphotyrosine is present.
In other SH2-peptide complexes, the peptide residues in
the +1, +2, and +3 positions C-terminal to the phos-
photyrosine bind tightly to the SH2, conferring peptide
specificity [16,17]. Although the backbone conformation
of the peptide bound to the ZAP-70 SH2s is similar to
those already determined, there are some interesting dis-
tinctions. What is striking is that, despite the contacts
between peptide and ZAP-70 being extensive (18 out of
19 amino acid residues are in contact with ZAP-70), the
fit of the peptide to its binding site is rather sloppy. This
loose fit is most obvious in the pTyr+3 pockets of the
ZAP-70 SH2 domains, which in other SH2s are critical
for binding specificity and usually bind a hydrophobic
residue (using a common analogy, phosphotyrosine and
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Fig. 2. The ZAP-70 ligand-binding region
is depicted as a solvent-accessible sur-
face area, using heavy atoms only. The
color scheme and orientation are the
same as in Figure 1. Note the generally
loose fit between the ITAM peptide and
the surface of the SH2 domains. Many of
the pockets are occupied by tightly-
bound water molecules which are not
depicted in the figure. (The figure was
kindly provided by Ellen Laird and was
prepared using Sybyl [Tripos, Inc.].)
the +3 residue are the two prongs in a 'plug and socket'
fit with the SH2). In ZAP-C, this pTyr +3 pocket is
extremely large and cannot make good hydrophobic
contacts with the leucine of the bound peptide; much of
the 'empty' space is occupied by water molecules. This is
generally true of the majority of contacts between the
peptide and ZAP-70; although the buried surface of the
peptide-protein interface is substantial (1300 A2), there
are relatively few hydrophobic interactions and many
bridging water molecules (21, to be precise).
Taken together, these structural features are consistent
with the remarkable specificity of ZAP-70 for doubly
phosphorylated ITAMs. Although most SH2 domains are
optimized to bind tightly to singly phosphorylated sites,
it is presumably difficult to build a great deal of peptide
specificity into a single SH2 phosphopeptide interaction.
Specificity, of course, is the product of high affinity for
target, coupled with low affinity for non-targets. One
way to increase affinity is to couple two SH2 domains
and two tyrosine-phosphorylated sites in tandem, as in
the ZAP-70-ITAM system. It is equally important, how-
ever, that ZAP-70 does not bind to other tyrosine-
phosphorylated sites, or to singly phosphorylated ITAMs
that might be generated by random noise in a resting
lymphocyte. The way around this problem is to make
each of the two individual SH2 interactions quite weak.
The simultaneously loose but extensive contact between
peptide and ZAP-70 assures that the only target that can
bind tightly is a bona fide, doubly phosphorylated ITAM.
This is consistent with in vitro studies demonstrating that
ZAP-70 not only binds with high affinity to ITAMs, but
also binds very poorly to other tyrosine-phosphorylated
proteins [18] or singly phosphorylated ITAMs [20-23],
in contrast to other SH2 domains that are more promis-
cuous in their binding. Furthermore, the dual nature of
the binding site suggests that ZAP-70 could out-compete
the binding to TCR of proteins with single SH2
domains, such as the kinases Lck and Fyn that are
proposed to initially phosphorylate the ITAM. The bind-
ing of ZAP-70 would therefore replace that of Lck or
Fyn once both tyrosines became phosphorylated.
Is this simultaneously loose but extensive binding
specific for ITAM-mediated interactions, or might it be
seen more generally in all proteins containing multiple
SH2 domains? Evidence from structural studies on the
the Syp protein tyrosine phosphatase suggests that other
proteins have evolved quite different binding strategies.
Syp contains two SH2 domains joined by a short linker
of less than ten residues. Binding of tyrosine-phosphory-
lated peptides to both SH2 domains enhances the
catalytic activity of the associated phosphatase domain
[24,25], but there is little biological evidence to suggest
that the two SH2-binding sites are closely linked on the
same peptide. Furthermore, each SH2 can bind to a
phosphorylated peptide independently and with reason-
ably high affinity [24,25]. The structure of the tandem
SH2 domains of Syp in complex with two unlinked
tyrosine-phosphorylated peptides has recently been
solved (MJ Eck, personal communication). The two
SH2 domains are rigidly held in place, with their ligand-
binding sites widely separated and in an anti parallel
orientation; a doubly-phosphorylated peptide would be
unable to simultaneously engage both SH2 domains
unless the linker connecting the two SH2-binding sites
was at least 40 A long. Thus, in contrast to ZAP-70,
which is optimized for binding a doubly-phosphorylated
ITAM, the Syp structure is more consistent with a
mechanism in which the two SH2s bind independently
to sites on different molecules. Such an arrangement
would be well suited for integrating multiple input sig-
nals. It is worth noting that while the ZAP-70 and Syp
structures are quite different, in both cases the relative
orientation of the two SH2 domains is constrained, lim-
iting the spectrum of possible interactions.
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It is always satisfying when a structure not only explains
experimental data but also suggests exciting new direc-
tions. The structure points, for example, towards possible
mechanisms for regulating ZAP-70 kinase activity. It has
been reported that binding of doubly phosphorylated
ITAM peptides to Syk kinase (which is closely related to
ZAP-70) increases its catalytic activity by up to tenfold
[26,27]. As the contacts between the two ZAP-70 SH2
domains are not extensive, it is possible that peptide bind-
ing locks the SH2s into an active conformation, which
would then affect the catalytic domain via the coiled-coil
spacer region. Such an active conformation would be
stable until the phosphorylated ITAM was released. Obvi-
ously the unliganded structure and one including the cat-
alytic domain would be interesting in this regard. Also,
the 'incomplete' look of the phosphotyrosine pocket of
ZAP-C suggests that there might be additional contacts in
vivo, either with other ZAP-70 molecules, or other
domains of the protein. There are three ITAMs per 
chain, six per dimer, and ten per TCR complex, giving
ample opportunity for intermolecular interactions.
Finally, the relatively loose fit of the ITAM with ZAP-70
suggests this interaction might be a good target for ratio-
nal drug design, as it will presumably be possible to con-
struct inhibitors that fit ZAP-70 better than the authentic
ITAM and thus would bind to it with greater affinity.
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